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INTERNAL-LIQUID-FILM-COOLING EXPERIMENTS WITH AIR-STREAM TEMPERATURES
TO 2000° F IN 2- AND 4-INCH-DIAMETER HORIZONTAL TUBES!

By GeorgE R. KINNEY, ANDREW H. ABRAMSON, and Jorn L. Stoor

SUMMARY

An investigation was conducted to determine the effectiveness
of liguid-cooling films on the inner surfaces of tubes confaining
Sfowing hot air. Erperimenis were made in 8- and f-inch-
diameter straight metal tubes with air flows at temperatures
from 600° to 2000° F and diameter Reynolds numbers from
2.2 to 14X10°. The film coolant, water, was injected around
the circumference at a single axial position on the tubes af flow
rates from 0.02 io 0.24 pound per second per foot of tube circum-
ference (0.8 {o 12 percent of the air flow).

Visual observations of liquid-film flows were made in trans-
parent tubes at flow conditions similar to those of the film-
cooling experiments. The visual experiments were conducted
with air flows at temperatures of 80° and 800° F and diameter
Reynolds numbers from 4.1 to 29X10°. Flows of water,
water-detergent solutions, and aqueous ethylene glycol solutions
(which varted viscosity and surface tension) were investigated.

Liguid-coolant films were established and maintained around
and along the tube wall in cocurrent flow with the hot air. The
tube wall wae kept below the boiling temperature of the coolant
oter the surfaces covered by liguid coolant; litile additional cool-
ing of the tube was obtained downstrcam of the point at which
all liquid wae raporized. Coolant filme were relatively smooth
unless the coolant flow was sufficiently high so that the liquid
JSilm was thick enough to enter the region where turbulent forces
predominate over mscous forces; wavelike disturbances then
developed on the liquid film. These disturbances resulted in
inereased loss of coolant from the film and reduced effectiveness
of the coolant. Predictions could be made of the approrimate
highest coolant flow which could be iniroduced at a single axial
position in the tubes to form a liguid film without the effective-
ness of the coolant being reduced by the formation of disturb-
ances. The results indicated that, in order to film cool a given
surface area with as litile coolant flow as poseible, it may be
necessary to limit the flow of coolant introduced at any single
arial pogition and to iniroduce it at several axial positions.

The flow rate of inert coolant regquired to maintain liquid-film
cooling over a giren area of tube surface can be esiimated when
the gas-flow conditions are known by means of a generalized
_plot of the film-cooling data.

INTRODUCTION

Combustion chambers and duects which are subjected to
extremely high heat transfer from flowing hot gases may be
difficult to cool by the conventional method of circulating

8 fluid over the outer sutfaces of the walls, Other methods of

cooling may be used as, for example, sweat cooling, where the

duct wall is made of & porous material and the cooling fluid js
forced through the wallin the opposite direction to the heat flow.
Another approach is to give the inner surface of the duct
some form of protection, which prevents most of the heat
from reaching it. This protection may be in the form of a
coating or liner of a high-temperature-resistant, insulator, or

the surface may be covered with a layer of cooling fluid
which absorbs the heat (internal-film cooling).

Investigations of sweat cooling with gases flowing through

——

porous walls are reported in references 1 to 6, it which theo- =

retical and experimental data indicate the amount of gaseous
coolant required to maintain a porous wall at & given tem-
perature for known gas-stream conditions. The use of
sweat cooling in applications where the coolant flow must
be well conirolled and must vary throughout the walls to be
cooled (such as in & rocket engine) has been limited because

of difficulty in fabricating porous walls to meet the require- =~

ments.
The use of high-temperature-resisting materials to reduce
the heat flow into rocket-engine walls is deseribed in references

land 7. This method has been used successfully with rocket

engines operating for short durations without cooling and

on other rocket engines to reduce the amount of externa.l'

cooling required.

Large reductions in over-all heat transfer to rocket-engine
walls have been obtained by internal-film cooling with the
use of relatively small quantities of liquid coolant (references
8 and 9). Investigations concerned with establishing liquid-
cooling films for rocket engines are described in references 1
and 10. Liquids are more effective than gases as internal-
film coolants because of their higher heat-absorptien capacity
(including heat of vaporization) and because less turbulent
mixing of the coolant with the hot gas stream occurs with a
liquid film than with a gas. T

A schematic representation of a liquid-cooling film va.por- .

izing in an air stream is shown in figure 1. Heat is trans-
ferred from the hot air stream to the coolant film, and
simultaneously, mass transfer from the coolant to the air
oceurs as the coolant vaporizes. Experimentsal investigation
of the simultaneous transfer of heat and mass has been

limited to ges-stream temperatures and Reynolds numbers

much lower than anticipated for film-cooling applications.

Reference 11 gives the results of such experiments with low

1 Qupersedes NACA RM ES0F1S, “Internal Film Cooling Experiments tn 4-Inch Duct with Gss Temperatures to 2000° E” by George R. Kloney and John L. Sloop, 1650; NACA RM
E5.C13, “Investigation of Annuler Liquid Flow with Cocurrent Air Flow In Horizontal Tubes™ by George B. Kinney and Andrew E. Abramson, 1951; NACA RM E52B20, “Internal-
Film-Cooling Experiments with 2- and 4-Inch Smooth-Burface Tabes and Gas Temperatures to 2000" F” by George R. Elnney, 1952,
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T Air stream was determined by means of thermocouples on the tube
_________________ A outer surface. The data were analyzed with heat-transfer
s equations.

The experiments were limited to gas temperatures up to

# Air and coolant wapor 2000° F for simplification of apparatus and instrumentation.

Although higher gas temperatures are encountered with most
L " ~Coolant vapor practical applications of film cooling, the investigation at -
T~ . | A -t low gas temperatures should provide a foundation for further
== ; sliguid fim " |” investigations with higher gas temperatures and should act
as a guide for correlating data from various practical
~~Tube wall anplicati
o pplications.
7 In order to aid in the interpretation of the film-coolin
. . 2
F160rg 1.—Bchematic represéntation of liguid flm vaparizing In alr stream. data, & visual investigation of the flow characteristics of

liquid films, such as occur with film cooling, was conducted.
References 13 and 14 report related investigations of cocur-
rent liquid-gas flow; however, the relative flow rates were
not in the range encountered in film-cooling applications.
The cxperiments reported herein were conducted with air
flows "at temperatures of 80° and 800° F and diameter
Reynolds numbers from 4.1 to 29105 and liquid flows from
0.027 to 0.270 pound per second per foot of tube circum-
ference (0.3 to 21 percent of the air flows). Flows of waler,
water-detergent solutions, and aqueous ethylene glycol solu-
tions (which varied surface tension and viscosity) were
investigated. Visual observations were made of the flowing
- Hquids with the aid of stroboscopic light. Photographs and
high-speed motion pictures of the flows were obtained.

temperatures, and the data are correlated by means of mass-
transfer equations., Witk higher gas-stream temperatures
it becomes difficult to measure liquid surface temperaturecs
with sufficient accurdcy to correlate experimental data by
mass-transfer considerations; data of reference 12 on the
vaporization of liquid drops in air streams to 900° F were
correlated by heat-transfer equations.

Because detailed information is needed on the mechamsm
of internal-liquid-film cooling, an investigation was conducted
at the NACA Lewis laboratory with a gasoline-air burner as
a source of hot gas. The experiments were conducted to:
(1) study the mechanism of internal-liquid-film cooling;
(2) determine the effects of coolant flow, gas flow, gas tempera-
ture, and tube diameter on filim-cooled area; and (3) general-
ize the data in a form convenient for predicting the rate of APPARATUS
coolant flow required to cool a given ares of duct when the
gas-stream conditions are known.

The film-cooling experimcnts were conducted in 2- and The flow system (fig. 2) was the sams for all of the experi-

4-inch-diameter tubes with air flows at temperatures from | ments:except for the test sections. It consisted essentially
600° to 2000° F and diameter Reynolds numbers from 2.2 to | of three parts: (1) source of air at a uniform temperature,
14X 105  The coolant, water, was injected at a single axial (2) test section, and (3) expansion and exhaust system. The
position on the tube at flow rates from 0.02 to 0.24 pound | air source consisted of the air supply at a pressure of 40
per second per foot of tube circumference (0.8 to 12 percent | pounds per square inch gage, a surge chamber, a jet-cngine
of the gas flow). The length of tube cooled by liquid coolant | combustor, & mixing section containing mixing baflles, and 2
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calming chamber 12 inches in diameter. "Test sections of
2- and 4-inch diameter were used. They consisted of an
Inconel epproach section 40 inches long, a coolant injector,
and a film-cooled or transparent tube 48 inches long. “The
exhaust section contained & series of water sprays to quench
liot air; this section was connected to the laboratory exhaust
system. An expansion bellows installed downstream of the
exhaust-quenching sprays allowed for expansion of the
apparatus when the 4-inch-diameter film-cooled tubes were
used; the 2-inch-diameter film-cooled tube and the trans-
parent tubes fitted into packed housings ta allow for expan-
sion of the apparatus,

CODLANT-INJECTION SYSTEM

The coolant-injection system consisted of a supply reser-
voir, filters, a positive-displacement pump, adjustable
pressure regulators (which controlled flow), rotameters, and
coolant injectors.

For most of the film-cooling experiments and all the
visual-flow experiments, porous-surfsce coolant injectors
(fig. 3(a)) were used. There were two such injectors of
similar construction, one for the 2-inch and one for the 4-inch
fest section. They consisted of a metal ring with slots milled
into the inner surfaee about the circumference. The 2- and

4-inch-diameter coolant injectors had 60 and 90 slots, respec- .

tively. Holes 0.013 inch in diameter were drilled through
the ring into each of the slots. A housing, which provided
2 supply annulus for the coolant, fitted over the ring. The
smell holes metered the flow into each slot, thus providing &
uniform distribution of the flow about the circumference.
The slots and the poraus-cloth liner spread the coolant flow
over a Jarge area a2t a low velocity. As the liner was very
porous (36 mesh), it did not restrict the flow but provided a
surface onto which the coolant flowed. The air flow over
the surface of the injector carried the coolant downstream
along the inner surfaces of the tubes.

The remsinder of the heai-transfer experiments were con-
ducted with the jet-type coolant injector shown in fg-
ure 3(b). It consisted of a brass ring through which 60 holes
were drilled 0.013 inch in diameter equally spaced around
the circumference at an angle of 45° fo the axis of the ring.
A stainless-steel splash ring was fitted into the brass ring;
# housing, which provided 8 supply annulus for the coolant,
fitted over the brass ring. The splash ring directed the
flow of the coolant downstream and against the surface of
the duet; its spacing did not control the coolant flow. The
splash ring blocked 5 percent of the gas-flow area.

FILM-COOLED TUBES

The heat-transfer experiments were conducted with three
different. Inconel tubes; each had a %inch wall and was 48
inches long. Two of them were seamless tubes with honed
inner surfaces and are designated ss smooth-surface tubes;
one had a 2-inch and the other a 4-inch inside diameter.
The third, designated as the rough-surface tube, was a
4-inch-inside-diameter rolled tube with a longitudinal weld.
Although the inside surface of this tube was machined after
welding, some surface roughness and waviness remained.
The inner surface of the rough-surface tube was also inter-
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rupted by three projecting pressure probes spaced along the
Iength of the tube and 12 holes used for measuring static
pressures.
affect the heat-transfer results.

The visual experiments were conducted with a 4-1nch pyret _

tube and a 4-inch- and a 2-inch-diameter plastic tube
(meth)l methacrylate). All tubes were 48 inches long and
% inch thick and were sealed to an aluminim adapter by _
means of a flange; the adapter was sealed to the liquid ~
injector. The other end of the tubes fitted into expansion
slip joints.
FILM COQOLANTS

¥Water was used as the film coolant for all the heat-transfer
experiments. For the visual experiments, s detergent was
used to change the surface tension, and ethylene glyecol, to
change the viscosity.” Table I lists some properties of the
liquids used. The pressure in the test section,varied for the
different conditions of the heat-transfer experiments, which

The heat Joss from the tubes was too small to__

resulted in & variation in the boiling temperature of the water ~~
of approximately 20° F; the average boiling temperature was

240° F.

INSTRUMENTATION

Flow rate.—Air flows were measured within 2 percent by ~
means of orifices and & differential water manometer.. ~

Coolant flows were measured within 1 to 4 percent by means -

of rotameters.

Pressure.—The static pressure of the air stream was
measured during the heat-transfer experiments in the
approach section 3 inches upstream of the coolant injector by
means of & mercury manometer.
used to determine approximate air densities and velocities at

The measurements were

this position and to approximate the boiling temperature of

. the coolant in the film-cooled tube.

Temperature.—Air temperatures were measured by means ~

of chromel-alumel thermocouples and a self-balancing poten-
tiometer. Rakes containing 20 thermocouples were located
in the calming section and a rake with four thermocouples for
the 4-inch test section, and with one thermocouple for the
2-inch test section, was placed in the approach section 3
inches upstream of the coolant injector. The estimated

accuracy of air-temperature measurements varied from =+ 10°

at 80° F to 25 at 2000°F. These values were determined
from a consideration of instrument accuracy, wire calibration,
radiation and conduction heat losses, and fluctuations of the

airstream temperature during runs. The recovery factor

for the thermocouples located in the approach section (where

the Mach numbers were from 0.5 to 0.7) was of the order of
0.9; this recovery factor was obtained from a comparison of
the thermocouple readings in the approach section with
those in the calming section (where Mach numbers were
below 0.1).
temperatures as measured by thermocouples in the approach
section were used; the differences between the temperatures
used and the temperatures obtained by correcting on the
basis of recovery factor were less than 1 percent.

Wall temperatures on the Inconel tubes were measured by
means of chromel-alumel thermocouples and & recording
potentiometer. The thermocouples, which were welded to
the outer surface of the tubes, were spaced along the length

Because the recovery factor was high, the total
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of the tubes at eight positions around the eircumference of
the 4-inch tubes (table 1I) and four positions around the
circumference of the 2-inch tube (table ITI). VWall tempera-
tures were measured by these thermocouples within +10° F.
Liquid temperature was measured within +5° F by means
of & thermocouple in the supply annulus of the injector.

Liqnid-flow distarbance.—-A stroboscopic light was placed
on one side facing the transparent tube and observations of
the liquid film were made looking into the tube from the
opposite side. The timing of the stroboscopic light was
adjusted for optimum visual clarity of disturbances on the
liquid film.

Shadowgreph pictures of the liquid film were obtained with
the aid of a microflash light source on one side of the trans-
parent tube, suitable condensing lenses, and a camera on the
opposite side of the tube. The camera was focused on the
liquid-film surface nearer to it. High-speed motion pictures
of the liquid fiow were obtained using floodlamps on one side
of the transparent tube and a high-speed camers on the
opposite side. The high-speed camera reached a speed of
2000 frames per second and a timing mark was imposed on
the film at 1/1000-second intervals.

PROCEDURE

The operating procedure consisted in setting the coolant
flow, the air flow, and the air temperature at desired vealues;
allowing & few minutes for conditions to stabilize; and re-
cording the data. The air-flow rate was controlled by a
throttling valve in the supply line ahead of the surge tank
(fig. 2). The exhaust pressure was maintained nearly con-
stant; therefore, the pressure in the test section varied with
the air flow and the temperature. The operating conditions
covered the following ranges:

1 - -

|

‘ Operating conditions Emm—tmg;t;esr Wsus.lmeger[-

l Alr temperatures, °F. .. __ 800~ 90, 800
Statie prwmre- in. Hgabs. . .. 4274 | oo

i Alr flow, Ibjeec_. LQeT1 0.7-90.4

; Coolant flow, Ibjsec. . T 0.01-0.22 0.01-0.28
Coolant-flow matefair- fow mte, pen:en ......... 0.80-12 321

} Coolant flow/circumferential length, Ibfseeft. _ 0.02-0.24 0.027-0. 50

= In the approach seetion 8 in. upshmm of the coolant infector.

These conditions give the following values for the air
stream in the approsch section 3 inches upstream of the
coolant injector:

Heagmi eI- | Visual experiments
| ReynoMsnumber ... .| 2.2-140X10¢ £ 1-29.0X 101
Mach number. o A5LT ) e ee
Alr mass veloelty, Ibf(sec) (sq ft} .o ..co - 0.4-8L7 0. 5~108
Ajr velacity, ftfsee. 1000-1700 | oo ———

Values of specific heat for air were obtained from reference
15 and values of thermal conductivity and viscosity for air
were obtained from reference 16. Experimental values of
Prandtl number and Schmidt number vary only slightly for
the temperature range.
In the visual experiments, the nature of the liquid-flm

surface, which changed from relatively smooth to wavelike
in appearance with increasing liquid flow, was observed
over the range of conditions independently by two observers
by means of a stroboscopie light.

disturbed surface was within 10 percent and an average of

their results was used. As a check on visual observations, _ o

shadowgraph and h[gh-speed motion pictures were taken of
the liquid film for various flow conditions.

RESULTS OF HEAT-TRANSFER EXPERIMENTS
LIQUID-COOLED LENGTH

Cooling effectiveness was determined by plotting the wall

temperatures of the film-cooled tube as a function of distance __ _
from the point of coolant injection. A typiecal plot, from a

run with the 4-inch tube, is€hown in figure 4. The tube-wall
temperature remains below the boiling temperature of the =

coolant (water) for about 19 inches downstream of coolant

injection, rises to the boiling temperature, and then rises

rapidly, approaching & value nesr the stagnation temperature

585

of the air-coolant vapor mixture. The liquid-cooled length L~ ~

(fig. 4} is determined from an average of the distances for
which the wall remained below the boiling temperature of the

coolant at the eight circumferential positions. Similar _ _

plots were obtained for the 2-inch tube, and the liquid-cooled

length was determined from an average of four circumferen-' _
For the 4-inch tubes, the agreement of the
liquid-cooled length for the eight circumferential positions

tial positions.

was within 10 to 15 percent; at very low coolant flows

The agreement between
observers on liquid flows for the transition from smooth to __

greater variation occurred. For the 2-inch tube, even

distribution of the coolant was more difficult to achieve;

agreement of liquid-cooled length for the different positions "

was generally within 25 percent, but in many cases one
of the four positions would differ from the others by as
much as 40 percent.

The effect of gravity, which tends to decrease the pro-
portionate film thickness in the upper portions of the hori-

zontal tube, resulting in shorter liquid-cooled lengths there,

was observable in the data of the 2-inch tube but not in the
4-inch tubes. In the 2-inch tube, liquid-cooled lengths in
the upper portion were from 5 to 20 percent shorter than
those in the lower portion. No trends in the ma.gnjt.ude.

of the gravity effect were noticeable with the different air and
coolant flows investigated. Gravity effects were not of
sufficient magnitude in any of the tubes to affect the trends
observed in ﬁlm cooling.

Carbon deposition on film-cooled tube.—Each time a run

was made, carbon was deposited around the tube meed_latel_y_
downstream of where liquid coolant ceased for a distance .

of about ¥ inch. Carbon did not form on the surface
covered by the liquid film nor farther downstream where the
surface became hotter. These deposits disrupt a liquid film
and thereby reduce cooling effectiveness; the rate of carbon_

in the 2-inch tube than in the 4-inch tubes. For this reason

all the experiments in the 2-inch tube were made so that the

. liquid-cooled length for each succeeding run was less than
After each running period, it was

on the previous run.

depos1t10n and the resulting effect were cons1derably greater _
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necessary to remove and clean the tube of carbon deposits
before further running at long 11qu1d-cooled lengths could
be made. Most of the experiments in the 4-inch tubes
were also made by means of this procedure; for the other
experiments the carbon deposition was pot great enough
to reduce liguid-cooled lengths more than a few percent.

Reproducibility of results.—Consideration of 12 different
runs with the 4-inch smooth-surface tube showed that
reproducibility of liquid-cooled. length at the same experi-
mental conditions was within 5 percent; reproducibility
with the 2-inch smooth-surface tube was within 5 percent
for six runs, but variations of 15 percent were obtained with
three others. The reason for the large variations with
some of the runs with the 2-inch tube was attributed to small
changes in alinement between coolant injector and tube
when the apparatus was reassembled after cleaning. In
some cases this would result in & disturbance of the film
and hence less cooling. Reproducibility with the 4-inch
rough-surface tube was within 8 percent for 17 runs; varia-
tions as high as 14 percent were obtained with three other
runs.

EFFECT OF EXPERIMENTAL VARIABLES ON LIQUID-COOLED LENGTH

In the heat-transfer experiments, data on liquid-cooled
length were obtained for independent variations of air
temperature, air-mass velocity, coolant flow, tube diameter,
and injection method.
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Fravex §.—Variation of liquid-cooled longth with alr to coolant temperature difference and
air-mass velocdty. Roungh-surfuce tube of 4-inch dlameter; alr-stream Roynolds nambers,
4.8 to 10X10% water flow per circumferential langth, 0,123 pound per second per fout.

Air temperature and mass velocity.—The cffect of air
temperature and mass velocity is shown in figure 5, where
liquid-cooled length is plotted as a function of the difference
between air-stream and coolant-flm surface tcmperatures
(Tys~T,) for various air-mass velocities. As would be
expected, the liquid-film-cooled length decreases with
either an increase in temperature difference or increase in
mass velocity.

_____



INTERNAL-LIQUID-FILM-COOLING EXPERIMENTS IN HORIZONTAL TUBES

LR /?eyno/ds
femperafure number
(°F)
o 900 80x/0%
o gaga a2z
32 a 509 a9
N v 1400 C 53
26 g o 1600 47
II’AFU
by ,‘,;9."’ 4
24 / vl
Y EEF AN AN <
3 20 A | L™ b
‘g f /] 13 s
§ 18 ? 7 I}r;‘! il g :
R AT.AY =-
32 7 LF 7
35 4
G
o<
7 (aJ :
4 -

.03 05 a7 09 M 13 .1f
Coolant flow per circumferential length, /b/ (sec) (f 7‘)

(a1 8mooth-surfuce tube of 4-Inch dlameter.

| T Atr“!'—l:ﬂsyrfla’s
temperafure number
(°F)
o 80 L4210
g 800 a6
s 1200 35
v [000 49
o [80C0 25
34
/B
=34 K
L26 A
& s
< o
%22 )4 L Poa
B 1.8 /6 /q 14/" 1/0’
9 . %
7 7 o §
N4 A
3 /3
2 4
~ /.0?4
(b
602 0« 05 058 .0 .[2 /£ .8 .18 .20 22 24

Coolant flow per circumferential fengfth, ibf(sec)(ft)
(b Smooth-surfice tube of 2-inch dlameter.
Fieunx 8.—Variation of Hquid-cooled length with water Sow per clreumferential length.

Coolant flow and tube dismeter.—Analysis of ‘the data
with two different tube diemeters indicated that the ratio of
coolant flow to tube circumference, which is an index of
coolant-film thickness, was an independent variable. Figure
6 shows liquid-film-cooled length plotted agsinst this ratio
(coolant flow per circumferential length) for various air-
stream conditions. Data in the 4-inch smooth-surface tube
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Frsere 6.—Concluded. Varlation of llquiki-ccoled length with water flow per cireumteréu- .

tial length.

are shown in figure 6(a) for three different air temperatures
with approximately the same air-mass velocity and for three
different air-mass velocities with the same air temperature.
For each of the different airstream conditions, the relation
between the liquid-cooled length and the coolant flow per

circumferential length is nonlinear and shows the same .

trends. The cooling effectiveness of & given rate of coolant
flow is grea.test at the lower coolant fows, decreases appre—

ciably in the range of coolant flow between 0.05 and 0.09 .
pound per second per foot, and does not change greatly a.t

the higher flows.

Data in the 2-inch tube are shown in figure 6(b). Each
of the curves shows the same trends, and the Iarge decrease _
in cooling effectiveness occurs in the same region of coolant
fiow per circumferential length as the data of ﬁgure 6(a).
Data in the 4-inch rough-surface tube are.shown in ﬁgure

6(c), and the curves show the same trends as those with the
smooth-surface tubes. The reason for this noplinear effect _ .
wes found, from the visual experiments, to be the forma.tm_n e

of anehke disturbances on the film surface with increasing

coolant fow and will be discussed. _
Coolant-injection methods.—Figure 7 shows a compamson

of data obtained with the porous-surface and jet-type injec-

tors; liquid-cooled length is plotted as a function of coolant __

flow per circumferential length for constant gas-stream con-
ditions. The data show that no significant difference in the
amount of cooling was obtained with the two different coolant

injectors. With both injectors the coolant was introduced.

in such a manner as to keep it on the wall and to prevent

penetration of the liquid into the gas so that the liquid film ~

could be formed without unnecessary loss of coolant at the
injector. _
on the inner surface of the rough-surface tube which had

been formed during previous experiments and had not been )

The data in figure 7 were obtained with deposits
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removed and therofore are not consistent with the other
data obtained with the rough-surface tube. The data are
useful for the comparison of coolant injectors because all
values were obtained with the tube surface in the same
condition. -

RESULTS OF VISUAL FLOW EXPERIMENTS
VELOCITY AND THICENESS OF LIQUID FILMS

The liquid films established on the inner surface of the
tubes were found in the visual experiments to be very thin
for the range of test conditions. Computed values of the
liquid-film thickness were from 0.005 to 0.0005 inch with
corresponding surface velocities of the liquid film from 10 to
35 feet per second. The symbols and the method used for
calculating the liquid-film thickness or velocity are given in
appendixes A and B, respectively. The velocities of the
disturbances ohserved on the film surface were measured
from the high-speed motion pictures taken at various con-
ditions. These values. agreed favorably with the calculated
surface velocity of the liquid film for the same conditions.

Experimentally determined velocities of surface disturb-
ances and corresponding thicknesses of liquid films are shown
in the following table:

eam o Cam iy Ko o o

Water flow l
(b/(sec) (ft)) .
Alr-gtream 0.040 L o 013"
Reynolds number . — N
1- P . .
Disturbance Dlst.u.rbance
veloclty I Film (tg(;kuess veloclty Film (tg!:i\kqess
(ftisec) (fifsec) SO O
. | . seiou. Ay
118105 s U oeor § moc | o
286X 104 { . =N " 0.008 ,

The effect of gravity on the liquid film, which tends to
decrease the film thickness in the upper portion of the
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+ horizorital tubes, was not discernible v 1sua11y, its magmtude
“and eﬁ'bcts have beon discussed previously.

DESCRIPTIO“I OF WATER-FILM DISTURBANCES

Observatlons, with the aid of stroboscopic light, of water
films on the inside surface of transparent tubes revealed
changes in the appearance of the flow for different water
flows. With constant air-stream conditions, the water flow
appeared essentially smooth at low water flows; whereas
there were disturbances having the appearance of waves on
the water surface at higher water flows. The change in the
appearance of the water flow occurred gradually as the water
flow increased; ﬁgure 8 shows shadowgraph pictures of the
flow for increasing water flows. The photogmph% are
arranged to show three regions involved in the changing
appeardnte of the water Alow as the flow increases: (1) smooth

- flow (np appreciable disturbance), (2) transition from small

traces of_disturbance to appreciable and consistent clearly
visible disturbances, and (3) increasing number and magni-
tude of disturbances. Although there was a gradual change
from undisturbed to disturbed flow, liquid flows that define
the transition region at given flow conditions could be deter~
mined by two or more observers with good agreement. The
degree of disturbance continues to increase with increased
liquid flow after the transition region.

EFFECT OF FLOW VARIABLES ON LIQUID-FILM CHARACTERISTICS

Experiments were conducted to determine the effect of
several variables on the values of liquid flow per circum-
ferential length over which the flow transition occurred and
on the appearance of the surface. The wvariables investi- -
gated were air-mass velocity (or Reynolds number), tube
diameter, air temperature, liquid viscosity, and liquid
surface tension. The values of liquid flow per ecirewm-
ferential length defining the transition region for the different
flow conditions are given in tables IV and V.

Effect of air-mass velocity.—The liquid flows defining the
transition region with water are given in table IV for different
air-mass velocities at ambient temperature with the aid of
three different transparent tubes. The water flows per
circumferential length over which the flow transition occurred
did not change appreciably over the air-mass velocity (or
Reynolds number) range. The disturbances had different
appearances at the various air-mass velocities, being smaller
and more numerous at the higher air-mass velocities. A
comparlson between the pyrex and clear plastic tubes (table
IVv) shows that the transition region for the plastic tube

 starts af g flow about 25 percent lower than thut for the

pyrex tube. Both tube surfaces were essentially smooth;
the differ ence was probably due to different surface c-harac-
teristics of ‘the materijals.

Effect of tube diameter. —The transition region for several .
air-mass velocltws (or Reynolds numbers) with 2- and 4-inch-
diameter plastic tubes is also shown in table IV. The

results show no appreciable difference in the transition region

(liquid flow per circumferential length) for the two tube
diameters, and the disturbances had the same appearance
for corresponding air-mass velocities.
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(a) Clear plastle tube of 4-Inch dlameter; air temperature, 80° F; alr-stream Reynolds
nummber, 11.8%10% water fiow, 0,083 pound per second per foot.

{b) Pyrex tube of 4-inch diameter; air temperatare, 800° F; alrstream Reynolds number,
6.6:X10%; water flow, 0.130 pound per second per foot.

F1GURE 9.—S8hadowgraphs of water films with cocurrent alr flow in horizontel tube at
different alr temperatures. .o .

Effect of air temperature,—Significant information on the
effect of air temperature on the transition region could not
be obtained because water-flow rates in this region were too
small to form a liquid film along the entire length of the
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tube at high air temperature and thus prevent overheating
of the tube. ' :

Howaever, the effect of tamperature on the flow disturbances
sccompanying high rates of water flow was observed. TFor
example, figure 9 shows shadowgraph pictures of the water
flow for air temperatures of 80° and 800° F [or the same air
flow. The pictures indicate, as did visual observations, that
the disturbances had the same appearance at the different
airstream temperaturcs; apparently there is no boiling
or appreciable ¢ffect on the liquid-film surface due to
vaporization.

Effect of liquid viscosity.—Variation of liquid viscosity
and surface {ension was obtained by using water, water-—
ethylene glycol solutions, and water-detergent solutions at
constant femperatures, The properties of the solutions that
were used are listed in table I.

The liquid-flow disturbances with aqueous glycol solutions
were less wavelike in appearance, smaller in size, and less
distinet with increased viscosity. Definition of a transition
region, as obtained with water, was difficult because of the
gradual development of the disturbances with increased
liquid flow. However, as viscosity was increased, higher
liquid Bows were required before. appreciable disturbanees
were observed. '

Effect of surface tension,—In table V are shown an increase
in the liquid flows for the start of the transition region and
an increase in the magnitude of the transition-flow region
for decreases in liquid surface tension. The transition
region for the 0.095-percent detergent solution (surface
tension, 50 percent of that for water) starts at a liquid {low
about 20 percent higher than that for water, and the magni-
tude of the transition flow region is about twice as large as
that for water. The physical characteristics of the flow of
water-detergent solutions were essentially the same as ob-
served with water except when the detergent concentration
was sufficient to reduce the surface tension below approxi-
mately one half that of water. Then the following liquid-
flow characteristics were observed: (1) At low liquid flows,
small areas of roughened surface appeared; and (2) as the
liquid flow was increased, the disturbances became more
numerous and intense, covering the cnfire surface. The
disturbaneces, however, did not have the wavelike appeaiance
that was observed with water.

RELATION BETWEEN DISTURBANCES AND FLOW CONDITIONS

By analysis, the surface disturbances or turbulence of the
liguid filin was found to originate when the liquid filin was
thick enoygh to enter the flow region where turbulent forces
predominate over viscous forces. Plots of the gencralized
velocity distribution for fully developed flow in smooth
tubes, as given in references 17 and 18, are shown in figure
10, and this distribution is assumed applicable to the liquid
film. The flow regions where the viscous or turbulent forces
predominate are defined by the value of the wall-distance
parameter y*. Viscous forces predominate in the laminar
layer (yt<(8); fturbulent forces, in the turbulent core
(y+>30); and both laminar and turbulent forces are present in
the intermediate region (3<{y*<30) (references 17 and 18).
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Friver 10.—Association of visual flow regions and heat-transfer results withi generalized
veloeity distribution for fully developed fluw In smooth tubes applled to liquid fims,

For the purposes of this investigation, it is convenient fo
place the results in terms of wt*, a flow-rate parameter,
because the flow of the liquid was measured for each run.
This fow-rate parameter, which is the integral of the curve
of ut against y+ (fig. 10), is derived in appendix B.

Values of the How-rate parameter w* were calculated for
the  median liquid flows defining the transition region as
listed in tables IV and V;.the viscosity of the liquids at 80° F
(temperature when introduced into tube) was used. The
corresponding values of y* were obtained from figure 11,
which is a graphical integration of the curve of figure 10
for various values of y* (appendix B). These values are
plotted on the generalized veloeity distribution of figure 10.
The highest and lowest values of y* defining the transition
region as obtained from tables IV and V are also shown in
figure 10 by solid lines, and the data indicate that the
observed transition region for the various conditions occurred
over the region of w¥=50 to w*=150 or y*=12 to y*=21.
The previously defined flow regions as shown in figure 7
may be associated with figure 10 as follows: At values of
y*<12, the liquid film appears relatively smooth. In the
region 12<y*<21, a surface disturbance developed on the
liquid filtm. For values of y+>21, the disturbance increases
with y* to the limit of the experimental conditions at y*=80.
The approximate liquid flow at which the surface disturb-
ances initially.occur can be obtained with a flow-rate parame-
ter wt of 90, which corresponds to yt=

RELATION BETWEEN HEAT-TRANSFER DATA AND LIQUID-
FILM DISTURBANCES

Analysis of the occurrence of liquid-film disturbances was
applied to flm-cooling heat-transfer results shown in figure 6,
where cooling effectiveness is shown as a function of water
flow for different hot-air-stream conditions. Values of the
flow-rate parameter w' were determined for water fows
representing medians (indicated by the intersection of the
dashed lines) over which marked changes in cooling effec-
tiveness occurred for each of the curves in figure 6, and which
were suspected to correspond to the initial occurrence of
liquid-film disturbances. The viscosity of water at 210° F
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Froree 11.—Variation of dimensfonless flow-rate parameter with wall-distance parameter.

(estimated average temperature of water film) was usec__i_.. )

Values for wt varied between 266 and 448 and the corre-

sponding values of y* as plotted on figure 10 varied between

30 and 44; these are higher values than obtained for the 1

transition region from the visual observations. This re- .

sult would be expected because of the differences in the two
systems. The visual results were obtained with ambient-
gas-stream temperature; thus no appreciable evaporation of

the liquid into the gas stream occurred, and the thickness of

the liquid film was essentially constant downstream of the
injection point. In the heat-transfer investigations, how-
ever, liquid was evaporating from the liquid film and the
thickness decreased along the duet. Thus the two systems
can be compared only at & point where, in the heat-transfer
ease, no liquid has heen lost to the gas stream, which would
be the injection point. For the visual observations where

the thickness of the liquid film is constant along the duct,
disturbances take place along the entire duct when the initial

thickness is sufficient for & surface disturbance to oecur.

In the heat-transfer investigations, however, the thickness _

decreases along the duct and this decrease would tend to
stabilize any disturbances of the film surface. Thus for the
same value of y* and the same initial liquid flow, the liquid-

film surface would be more turbulent in the visual observa- _.

tions than in the heat-trensfer investigations. By assuming

the average thickness of the liquid film to be one half the

initial thickness for the heat-transfer case, the determined

value of y+ is reduced by a factor of 2 (from that for no _ .
evaporation) and the heat-transfer results are in agreement

with the visual results. The approximate flow at which the

effectiveness of water changes in a film-cooling application is .'
obtained with a flow-rate parameter w“' of 360, which

corresponds to ¥t=37.
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ANALYSIS OF HEAT-TRANSFER DATA

The data were generalized in a form convenient for deter-
mining film-coolant requirements even. though a complete
correlation was not obtained because of the changing con-
dition of film-coolant flow with changes of coolant-flow rate.

CORRELATION OF HEAT TRANSFER FOR CONSTANT COOLANT FLOW PER
CIRCUMFERENTIAL LENGTH

In figure 1 is shown & schematic representation of the
liquid film vaeporizing in the air stream. Heat is transferred

from the hot-air stream to the coolant film and, simultane-
ously, mass transfer from the coolant to the air occurs as the
coolant vaporizes.

The method used to correlate the data was to cousider
heat transfer as the controlling process, and the driving
force or temperature difference was taken betwceen average
airstream temperature and the liquid surface temperature,
which was. approximated by essuming it to be at boiling
temperature, Mass-transfer equations did not provide a
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FicurE 12.—Concluded. Correlation of heat transfer from alr stream to water Alm at constant coolant flow per eircumferential length.

successful method of relating the data because their use ge-

quired a more accurate determination of liquid surface,

temperature than was feasible.
Average heat-transfer coefficients for each run were cal-
culated by the following heat balance across the air—coolant-
vapor film:
ft _ n-c [Cr;,c (T:_ Tf)_I-Hl]
(Tl.u'—T:)(TDL) ’

8y

The following equation correlated the data for constant
values of coolant Aow per circumferential length:

N:u=a(Re)"

A more complete equation for correlating film-cooling data

may also include the dimensionless groups Pr, Se, and k/k,. '

These parameters are not included because they were

essentially constant for the conditions of the experiments.
The latter two parameters predicted the effects of diffusion

of vapor into the gas stream on heat-transfer coefficients for

the data of reference 12.

The Nusselt number for each run was calculated from the

experimental heat-transfer coefficient, the diameter of the
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tube, and the thermal conductivity of air at the average bulk
temperature of the air stream (7%,,). Air-stream Reynolds
numbers were calculated for each run by means of tube
(iameter, air-mass velocity, and viscosity of air at average
bulk temperature Ty, ,.

The log-log plots of Nusselt numbers against Reynolds:

numbers for. several different values of coolant flow per
circwnferential length are shown in figure 12. All the data
shown in figure 12 were obtained with coolant flows large
enough to cause cooling-film disturbances; correlation could
not be investigated over a large range of air flows and
temperatures with low coolant flows which did not cause film
disturbances because, at the high air flows and temperatures
of the experiments, liquid-cooled lengths were too small to be
accurately measured.

In figure 12(a) are shown data obtained in hoth 2- and
4-inch-diameter smooth-surface tubes at a coolant flow of
0.116 pound per second per foot of tube circumference. The
slope of the line drawn for these data is approximately 1.05.
Also shown in figure 12(2) are date in the 2-inch smooth-
surface tube at a coolant flow of 0.093 pound per second per
foot of tube circumference; although there is considerable
scatter, the slope of the line for these data appears to be
approximately the same as that for the data at the other
coolant flow. Comparison of data in the 2-inch tube at two
different coolant flows shows that heat-transfer coefficients
were higher with the higher coolant flow. A conventional
relation for heat transfer from flowing hot gases to tube walls
without film cooling is represented in figure 12(a) by a
dashed line; the experimentally determined coefficients for
film cooling are considerably greater.

Data obtained in the 4-inch rough-swface tube at three
different coolant flows are presented in figure 12(b). The
slopes of the lines for the data at each of the different coolant.
flows are approximately 1.07, and the heat-transfer co-
efficients increase with increased coolant flow. A comparison
of data from figures 12(a) and 12(b) shows that heat-transfer
coefficients are approximately 20 percent higher with the
rough-surface tube than with the smooth-surface tube,

Data scatter for the correlations presented in figure 12 is of
the same order of magnitude as reproducibility of liquid-
cooled length with constant test conditions.

GENERALIZED PLOT OF HEAT-TRANSFER DATA

The data of figure 6 showed that the surface area cooled by
a given flow of coolant decreased with increased coolant flow.
The visual experiments indicated that the decreased effective-
ness of the coolant resulted from the formation of wavelike
disturbances on the liquid film.  Figure 12 shows that, al-
though the heat transfer from the hot air to the liquid film is
correlatod for constant values of coolant flow per circum-
ferential length, the heaf~transfer coefficients increase with
increased coolant flow per circumferential length.

In order to generalize all the film-cooling data on a single
plot, the equation for heat transfer plotted i in ﬁgure 12 was
used. This equationis

~length and gas stream and coolant variables,
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hD DG,)
kl Hs ( )
where the value of @ can be considered to vary with coolant
flow per circumferential length. The Reynolds number
exponent was taken as unity for convenience becattse accu-
racy of the data did not permit closer determination. Sub-
stituting the equation for heat-transfer coefficient (equa-
tion (1)) in equation (2) and rearranging yield:

We Lky(Tpo—T,

) : '

In figure 13(a) is shown this relation plotted for deta ob-
tained with the smooth-surface tubes; coolant flow per cir-
cumferential length of tube is plotted against liquid-cooled
Figure 13(b)
shows the relation plotted for data obtained with the 4-inch
rough-surface tube. A comparison of the data shown in
figure 13(a) with those in figure 13(b) shows that the amount
of cooling in the rough-surface tube was about 20 percent
less than in the smooth-surface tubes. Less cooling was
obtained in the rough-surface tube because surface roughness,

‘projections, and holes on the inner surface all tend to disrupt

the liquid film and promote loss of coolant from the wall.
Quantitative measures of the effects of surface roughness and
of the other surface interruptions on the amount of cooling
obtained could not be made because the surface irregularities
in the rough-surface tube were not well defined. The curves
of figure 13(a) and 13(b) show the same trends as the curves
of figure 6; cooling effectivencss per pound flow of coolant

- decreases appreciably in the range of witer flow between 0.05

and 0.09 pound per second per foot.
DISCUSSION

The water flow required to maintain liquid-film cooling
over a desired area in a smooth-surface straight tube with
fully developed, turbulent air flows to 2000° F entering the
tube can be determined from figure 13(a). Figure 13(a) is
also useful for estimating film-coolant requirements for condi-
tions which have not been investigated experimentally and
for acting as a guide to correlate daf.a, obtuined from actual
applications.

Further research is required to determine the eﬂ'&.cts on
film-cooling results. of: (1) gas temperatures higher than
2000° E, (2) coolant properties which affect the flow condi-

* tions of the liquid film, (3) the mass diffusion from the liquid

film, (4) gas-stream pressure, (5) gas-flow conditions difering
from the well-controlled conditions of the experiments, (6)
the use of reactive coalants, and (7) changing contour of the

" flow duct.

Additional data are requlred to determine if gas tcmpvrn.—-
tures greater than 2000° F will alter results, as predicted
from figure 13, other than that account-ablo. to radiation.
Coolant requirements obtained from figure 13 account for the
heat transferred-from the hot gas to the liquid film by forced
convection alone and not by radiation to the liquid film or
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to the tube wall; where the heat transferred by radiation is
appreciable, additional coolant is required. If the amount of
heat transferred to the tube wall by radiation were large
enough to result in a wall temperature considerably above the
saturation temperature of the coolant, it is possible that
additional coolant will be lost because of the disturbance of
the liquid film caused by the formation of vapor bubbles under
the film.

Additional data are needed on the effects of coolant
properties. Results predicted from figure 13(a) may differ
from those obtained with coolants having viscosities and
surface tensions considerably different from those of water
on account of the effect of these properties on the flow
conditions of the liquid film. The visual flow experiments
showed that the changing flow conditions of the liquid film
with increased values of liquid flow per ecircumferential
length (evidenced by the occurrence of turbulent or dis-
turbed flow) result in the variation in cooling effectiveness
with increased coolant flow which can be seen in figure 6.
The experiments also showed that the values of coolant flow
per circumferential length at which disturbed flow begins,
and the nature of the disturbed flow, differ with the viscosity
and surface tension of the liquid.

Further research is required to investigate the effects of
diffusion of vapor from the liquid film. As discussed pre-
viously, the date of reference 12 were correlated by con-
sidering heat transfer as the controlling process and the
effects of simultaneous mass diffusion were predicted by the
parameters Se and k./k,. Additional experiments with
large changes of coolant and gas properties are required to
determine the importance of these parameters in the case of
film cooling.

Effects of gas-stream pressure on the evaporation of the
liquid film, other than predicted by the Reynolds number,
should also be investigated by additional expériments.
The variation of pressure occurring in the. experiments
reported herein resulted from the method of controlling the
air flow and the temperature; independent investigation of
pressure as a variable was not made.

Gas-fiow conditions with many applications of film cooling
are considerably different from those of the experiments
reported herein, and large differences between the film caol-
ing obtained in such cases and that obtained in the experi-
ments are possible. For example, in a rocket-engine com-
bustion chamber, the effects of the combustion process and
the short length of chamber will not allow conditions approxi-
mating fully developed, turbulent velocity and temperature
distributions as with the experiments.

An example is given in appendix C to illustrate the use of
figure 13(a) for determining film-coolant requirements.

Because wavelike disturbances occur on a liquid-cooling
film when the coolant flow per circumferentisl length of the
tube exceeds a certain value, and the result is a decrease in
film-cooled area per unit flow of coolant, it may be desirable
in many practical applications to limit the coolant flow
introduced at any one axial position and to introduce it at
several positions over the area to be cooled in order to

"more tomventional cooling methods are inadequate.
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achieve the desired cooling with as little coolant flow us
possible.

In general, because an internal-film coolant cannot be
recirculated and must be carried as additional weight in
flight, the application of film cooling in flight-propulsion
engines appears limited either to conditions where propulsive
energy is derived from the film coolant in addition to its
cooling function or to conditions of high heat release where
The
use of filin cooling in some rocket engines is an example of the
application in which both of these conditions apply.

SUMMARY OF RESULTS
HEAT-TRANSFER EXPERIMENTS

An investigation of film cooling was conducted in 2- and
4-inch-diameter straight tubes with air flows at temperatures
from 600° to 2000° F and diameter Reynolds nurabers from
2.2 to 14X10% The film coolant, water, was uniformly
injected .around the circumference at a single axial position
on the tube at flow rates from 0.02 to 0.24 pound per second
per foot of tube circumference (0.8 to 12 perecent of the air
flow). Liquid-cooled lengths were determined by means of
wall-temperature measurements. The results of the experi-
ments are summarized as follows:

1. Liquid-coolant films were established and maintained
around and along the tube wall in cocurrent flow with the
hot gas. ’

2. The tube wall was kept below the boiling temperature
of the coolant over the surfaces covered by liquid coolant;
downstream of the point at which the liquid film ceased
because of vaporization, little additional cooling of the tube
was obtained.

3. The relation between liquid-cooled length and coolant
flow for given gas-stream conditions was nonlinear; the
effectiveness of a given flow rate of coolant introduced at
a single axial position on the tube decreased with increased
coolant flow.

4. The film-cooling data were generalized by means of a
heat-transfer relation and data obtained over a range of
coolant flows; this generalization of data facilitates the
estimation of the flow rate of inert coolant required to
mainteain liquid-film cooling over a given area of tube surface
when the gas-stream conditions are known.

VISUAL FLOW EXPERIMENTS

Visual observations and flow analyses were made of annular
liquid films in cocurrent flow with air in 2- and 4-inch-
diameter horizontal transparent tubes. The investigations
were conducted with air temperatures of 80° and 800° F and
Reynolds numbers from 4.1 to 29X 10% Liquid flows of

- water, water-detergent solutions, and aqueous ethylene

glycol solutions were investigated at flows in the same rango
as the heat-transfer experiments. The results are summa-
rized as follows:

1. For the range of conditions investigated, the velocity
of the liquid-film surface varied from approximately 10 to
35 feet per second with corresponding liquid-film thicknesses
of 0.005 to 0.0005 inch.
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2. The liquid flow was relatively smooth until the liquid-
flow rate was sufficiently high so that the liquid annulus
was thick enough to enter the region where turbulent forces
predominate over viscous forces; wavelike disturbances then
developed on the liquid film. Approximate liquid-flow rate
for this transition could be predicted.

3. The liquid flow per circumferential length at which
liquid-flow disturbances initially occurred increased with
inereased liquid viscosity, increased slightly with decreased
liquid surface tension, and did not vary appreciably with
changes in air-mass velocity.

4. Liquid-low disturbances had different appearances
with different air-mass velocities, liquid viscosities, and
liquid surface tensions; in general, the size and the number
of disturbances varied. )

5. Visual observations at several air temperatures between
ambient and 800° F indicated no boiling or appreciable
disturbance on the liquid film due to vaporization of the
liquid.

CONCLUSIONS

The following conclusions are made from experiments in
which tubes containing flowing hot air were cooled by water
films on the inner surfaces and from visual observations and
analysis of the liquid flow in such films:

1. A liquid-cooling film can be established and maintained
on the inner surfaces of a tube through which high-velocity
hot gases are flowing by introducing the liquid coolant onto
the inner surface about the tube circumference; the gases
sweep the coolant downstream, resulting in an annulaer
flow of liquid coolant. :
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2. Tube-wall temperatures are maintained at or near the
boiling temperature of the water over the surfaces covered by
liquid; little additional cooling of the tube is obtained down-
stream of the point at which the liquid flm ceases because of
vaporizetion.

3. The liquid-coolant film is relatively smooth unless the

‘coolant-flow rate is sufficiently high that the liquid

annulus is thick enough to enter the flow region where
turbulent forées predominate over viscous forces; wevelike
disturbances then develop on the liquid film. These dis-
turbances result in increased loss of coolant from the film
and reduce effectiveness of the coolant.

4. Prediction can be made of the approximsate highest
coolant flow which can be introduced at a single axial
position in a tube to form a liquid film without the effee-
tiveness of the coolant being reduced by the formstion of
disturbances.

5. In order to film cool & given surface area with as little
coolant flow as possible, it may be necessary to limit the
flow of coolant introduced at any single position and to
introduce it at several positions.

6. The rate of flow of inert coolant required to maintain
liquid-film. cooling over & given area of tube surface can be
estimated with the aid of a generalized plot of film-cooling
data when the gas-stream conditions are known.

Lewis FuigeT ProPuLsion LLABORATORY,

NaTtioNat ApvisorY COMMITTEE FOR AERONAUTICS,
CreveELaxp, Onro, May 27, 1952.

APPENDIX A

SYMBOLS
The following symbols are used in this report: Tia arithmetic mean stagnation temperature of the gas

A eross-sectional area of film-cooled tube, sq {t |
a proportionality constant stream, Ti—;-&” °F
Gy average specific heat at constant pressure,

Btu/(b) (°F) T, temperature of ccolant before injection, °F
D inside diameter of tube, ft T, temperature of liquid-coolant surface (assumed at
") volumetric diffusion coefficient or diffusivity, saturation temperature), °F

sq ftfsec U velocity parallel to axis of tube, ft/sec .
G mass velocity, 1b/(sec)(sq ft) U bulk or average velocity at cross section of tube,
g acceleration due to gravity, 32.2 ft/sec? ft/sec
H, heat of vaporization of coolant at T, Btu/lb 1% flow rate, Ib/sec
Al change in enthalpy of liquid coolant from entering | w flow rate per unit length, lb/(sec)(ft)

condition through vaporization, Btu/lb x - axial distance from liquid injector, ft
k heat-transfer coeflicient, Btu/(sec)(sq {t)(°F} ¥ ~  distance from tube wall, ft
k thermal conductivity, Btu/(sec)(sq ft) (°F/ft) i viscosity, Ib/(see)(ft)
L liquid-cooled length, ft Be absolute viscosity of fluid at wall, lb-seefsq ft
p static pressure, lb/sq ft abs o mass density, Ib-zec?/ft*
T, gas-stream bulk temperature Pe bulk or average mass density at cross section of
Ter stagnation temperature of gas stream entering film- tube, lb-sec?/{t*

cooled tube, °F Po mass density of fluid at wall, Ib-sec?/ft*
T2 stagnation temperature of equilibrium gas-coolant | =, shear stress in fluid at wall, Ib/sq ft

vapor mixture, °F w density, lbfcu ft
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Subscripts: _ Nu Nusselt sumber, AD/k
¢ liquid coolant Pr Prandt]l number, Coufk
Ir on friction pressure gradient Re¢ . Reynolds number, DG/u
‘;" ,lg:as d Se ‘Schmidt number based on mass diffusivity of vapor,
4 iqui
v coolant vapor wfed
— Superscript: uwt “velocity parameter, ——=
T V1ol po
n any exponent )
Dimensionless parameters: - wt  flow-rate parameter, B
TL B fhe
() :
=
§  triction factor, ~D 922 /¢ walldistanco paremeter, Vo2
Pty l‘o/ Po
APPENDIX B

CALCULATION OF VELOCITY AND THICENESS OF LIQUID FILM AND DERIVATION OF FLOW-RATE PARAMETER

CALCULATION OF VELOCITY AND THICKNESS OF LIQUID FILM
For annular liquid flow with cocurrent gas flow in a
horizontal duet, the velocity or the thickness of the annylar
liquid film can be calculated by use of the dimensionless
parameters 4% and y* and figure 10, which were obtained
from references 17 and 18,
Velacity calculation.—The parameter 4t i defined as

- U
u+= o

Pa

The friction velocity ofp, for a homogeneous fluid flowing
in a duct is given by the equation

=Up f/ (BTZ)

For annular liquid flow with cocurrent gas flow, however,
equation (B2) must be modified. This modification is
accomplished by referring the friction velocity +7ofp, to
- the liquid annulus and by considering the gas flow to be
replaced by a fictitious flow of the same liquid as in the
annulus. Then the restriction is imposed that the pressure
drop per unit length must be the same for the fictitious
liquid flow as for the gas flow with the. friction factor f for
the actual conditions applying to each case. This restriction
means that the dynamic pressures of the. fictitious liquid
flow and gas flow must be equal or

Us, t—-\/—"“b £

Substituting for the velocity in equation (B2) and com-
bining the result with equation (Bl) give the following
relation for the liquid surface velocity:

.

Thickness calculation.—The pa.ra:met,er y* is defined es

7olpo=

+
y™= Po/ Pa

- O E

__é3) _

1[% e (34)

Again, referring the expression for y* to the liquid annulus
and expressing the friction velocity ./rf5 in terms of .the

gas-stream velocity give the following relation for the liquid-
film thickness:

+I£¢t Byl . . o
* Po, I‘J- \/Pb £ ﬂb z (B5)

All the variables appearing in equations (B3) and (B5)

except friction factor are known for any given conditions,
The friction factor for annular liquid flow with cocurrent
gas flow is unavailable from experimental data for the range
of conditions investigated in this report. Extrapolation of
the data in references 13 and 14 indicates that the friction
factor for the conditions reported hercin is of the order of
two to four times that of single-phase flow in a smooth duct
for the same gas-stream Reynolds number.

For convenience, a flow-rate parameter deﬁned as

wi =Wi/xDgu, (equation (B8)) is used for the calculation.
It is the integral of the curve of figure 10 and is ploited as a
funciion of ¢* in figure 11.

Calculation procedure.—The following procedure is used
to determine the veloeity and the thickness of the annular
liquid film:

1. Determine the value of the flow-rate parameter

T

W
rDgp,

2. Using this value, employ figure 11 to obtain the corre-
sponding value of yt.

3. The corresponding value of uf is then obtained from
figure 10.

4, The velocity or the thickness of the liquid film can
then be determined from equation (B3) or cquation (B5),
respectively.

DERIVATION OF FLOW-RATE PARAMETER
With the consideraiion of the continuity equatign in the
region near the wall where g velocity gradient is present

dy u‘

Yy

Wi
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the flow rate per unit width w through the element dy is
given by the relation

dw=gpu dy
Substituting the dimensionless parameters #* and y* from
equations (Bl} and (B4), respectively, in equation (B6) and
assuming a constant density across the liquid film give the

relation
w ro
fdw=g.uaf utdy™
a 0

w

St

Thus

r
. urdy* (B7)

(B6),
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The liquid flow per unit width w; can be approximated for a
circular duet by dividing the total liquid flow H"; by the
circumference of the duct. The flow-rate parameter uwt
for the liquid flow is thus obtained from equation (B7) as

(B8)

* .
The value of J; utdy* can be evaluated for apy desired

value of y+ by graphical integration of the curve of figure 10.

The result of this graphical integration for various values of

yt is shown in figure 11.

APPENDIX C

EXAMPLE OF USE OF FIGURE 13(a) TO DETERMINE FILM-COOLANT REQUIREMENTS

In the following example, & determination is made of the

coolant flow required to film cool & 4-inch-diameter tube .

with water supplied at 100° F for a distance of 1 foot with
air flowing through the tube at 3 pounds per second and
entering at 2000° F and with the pressure in the tube at
30 pounds per square inch absolute. Properties for air were

obtained from references 15 and 16, and properties for water
" and water vapor were obtained from reference 19.

Because the average temperature T,. cannot be calcu-
lated without knowing the coolant flow, a first approximation
of the coolant flow is made from figure 13(a) by calculating
the ordinate of that figure with the air temperature at the
entrance of the tube T, which in this case is 2000° F, in
place of T, and with the physical properties of air at that
temperature. The ordinate ¥ of figure 13(s) is then calcu-
lated from the following: '

L=101t

D=1/3 it -

k,=15.6X10"*

Te1— T,=2000—250=1750° F

AH=C, . (T, — T2)+ H,=1.0(250-100)+945=1005 Btu/Tb

/DG [ 344 B .
(Re),—(\ - )‘(3><34.5x10-°)_3'32xm

5 LkdT 1 — T (Re),
DUAR)

(1.0)(15.6X 10— (1750)(3.32X109_,,
(1/3)(1095) :

From figure 13(2), W./xD=0.072 pound per second per
foot and 1 .=0.072 X x/3=0.075 pound per second.

Yith the use of this coolant flow and the following equea-
tion, Ty, is calculated. .

H’l [01.: (Tz.l’— T‘,,)I=H'¢[H.—f— 0!.: (T— Ti) + 07.- (Tx.!_‘ Tt)]

Successive approximations are sometimes necessary because

specific-heat values are averages for the temperature gra-

dients. For the first approximation, the vealue for C,, is
taken at T ; and the value for C,, is taken at an average
between Ty, and Ty

3[0.283(2000— T, 5)]=0.075 [945 +1.0(250 — 100) +
0.52(T, ,—260)]
T‘,2= 18300 F
Further determinations will not appreciably affect the

value of T,, in this case because the changes in specific
heats are small. The calculation of Ty, is then

200041830
T“=_00_‘§_8_

The ordinate of figure 13(a) is then ecalculated with this
velue for average gas tempersature T, and with the physical
properties of air at this temperature

¥ (1.0) (15.0X1079(1915—250) (3.38)(10’1___
(/3) (1095) :

=1915°F

23.1

From figure 13(a), Wo/xD=0.066 pound per second per S

foot and T¥,=0.066X#/3=0.069 pound per second. Fur-
ther calculations do not improve the determination appreci-
ably; therefore a coolant flow of 0.069 pound per second is
the requirement. '
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TABLE I—PROPERTIES OF LIQUIDS FOR FLOW EXPERI-

INTERNAL~-LIQUID-FILM~COOLING EXPERIMENTS IN HORIZONTAL TUBES

MENTS «
I .
Tempet-| Absolute Surface !
! Liquid sture tension
. (°F) | (b-sec/sq ft) | (dynes'cm)
Water. 20 L 84X10-5 72
IWhrdMmetemm " L &
ater an det IO o
I Water and 0.025-percent detergent._________ — 80 L& 45
Water and 0.050-percent detergent. ... __ — 80 L& 41
Water and 0.005-percent detergent 80 05 35
Water and 0.150-percent d PR B ) | 207 k<3
Water and 12-percent ethylens glyeol.._____ - 80 2.73 70
Water and 53-percent ethylene glycal.____ —— 80 7.74 a2
Water and 98-percent ethylene glycol_ ... _| -] 34 54

» Water, reference 19; water and detergent, measured; water and glycol, reference 20.

TABLE II—LOCATION OF THERMOCOUPLES ON 4-INCH-
DIAMETER FILM-COOLED TUBES

End view of tube [n upstresm direction showing clrcumferentisf positions of thermocouples

hbﬁ'zanfal center

hne of lube

' Location of thermocouples—distance Gownstream of cookant Infectton
: Clream- (n.)

i ferential

! position i

. Rough-surface tube 8mooth-surface tube

! 1 2 to 25+, 29, 33, 37, 41, 45 3 to 25, 20, 33, 37, 41, 45

\ 2 13,29, 20, 45 5,9,13,17,21,25,29,45

} 3 5,9,13,21,29,45 59,13,17, 21, 25, 29, 33, 37, 41, 45
' 4 13, 21, 20, 45 §9,13,17, 21, 25, 29, 45

! 5 59,13 2t,2, 45 5,9,13,17,21,@29.33,37,41,4.5
e )29, 45 59,13, 17, 21, 25, 29, 45

3 7 5, ,1,21.29,45 5 9,13, 17, 21, 25, 20, 33, 37, 41, 45
l 8 21,29, 45 5,9,13,17, 21,25, 0, 45

» Thermocouples located at 1-in. intervals in this range,

272483 —54——39

Horizontal cenfer

line of tube
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TABLE III—LOCATION OF THERMOCOUPLES ON &IVCH- )
DIAMETER. FILM-COOLED TUBE

End view of tube in downstream direction showing circumferenttal positions of thermocouple

Ctreumfer- [ Loca:!on of thermaaouples——
enttnl posl- downstream
mulsnt Injection, In,
1 3, 5to 42«
2 5 0to41b
3 S 0todlb
4 S 9todib

» Thermocouples Iocated at 1-in. Intervals In this

s Th mocouples Iocated at 3-in. intervals in this
range.

TABLE IV—EFFECT OF AIR-MASS VELOC[TY, TUBE

MATERIAL, AND TUBE DIAMETER ON LIQUID-FLOW
TRANSITION REGION

[Liquid, water; air temperature, 80° F; Reynolds namber, £.1X10% to 28.6104]

| Liquid-flow transition regions
b/ (sec) (1)) —
Aifr-mass veloelty _ - T
(Ibf(see)(sq. ﬁ)) Pyrex tube Lacite tube -
i gin, 2l '

30.6 0. 052-0. 063 0. 035-0. 085 0.037-0. 060

45 .0&2- . 088 O~ . 068 -038- . 083

0.0 -050- . 068 087 033 038 . 082

108 .048- . 088 035 . 070 .038- . 062

« From visual observations.

TABLE V—EFFECT OF LIQUID SURFACE TENSION ON

LIQUID-FLOW TRANSITION REGION

[Pyrex tube diameter, 4 In.; alr-mass velocity, 44.5 1hf(sec)(sq ft); alr temperature, 80° F]

]
f Figercent by Absolate viscosity | Surface tenston at nid-flow tran-
1 rgent in at80°F °F regions
! (Ib-sec /xq ) (dymesjem) @b/ gec) (1)
1
13
0. 000 1. 841074 T2 0.052-0. 068
. 004 1.84 &5 057~ 082
025 L84 45 083~ . 020
. 050 L84 41 - .090
-00% 2.05 36 063- . 087
.150 207 33 . Not determined
+From visual observations.



